Melanoma is a primary malignancy that is known to metastasize to the brain and often causes death. The ability to image the growth of brain melanoma in vivo can provide new insights into its evolution and response to therapies. In our study, we use a reflection mode photoacoustic microscopy ͑PAM͒ system to detect the growth of melanoma brain tumor in a small animal model. The melanoma tumor cells are implanted in the brain of a mouse at the beginning of the test. Then, PAM is used to scan the region of implantation in the mouse brain, and the growth of the melanoma is monitored until the death of the animal. It is demonstrated that PAM is capable of detecting and monitoring the brain melanoma growth noninvasively in vivo.
Introduction
Malignant melanoma is one of the most lethal cancers and represents a significant public health problem in the United States. For patients with stage-4 melanoma, the incidence of brain metastases has been reported to be 10 to 40%, making melanoma the third most common metastatic brain tumor in the United States, following lung cancer and breast cancer. 1 With effective treatments, survival time following central nervous system ͑CNS͒ metastases is between 2 and 5 months. [2] [3] [4] [5] Without treatments, most patients show enhanced deterioration and ultimately death. Recognition of the initiation and progression of melanoma brain metastases in experimental models is necessary to identify new research strategies useful for the diagnosis and subsequent therapy of these tumors in humans. Hence, in vivo monitoring of the formation and growth of melanoma tumors in live brain could have major implications for the design of improved therapies.
In this study, we utilize the photoacoustic microscopy ͑PAM͒ technique to detect the progress of melanoma brain tumors in mice models in vivo. In photoacoustic ͑also called optoacoustic or thermoacoustic͒ imaging, short pulses of laser light are transmitted into the targeted area. The produced ultrasonic waves by photoacoustic effect are then detected by ultrasonic transducers and reconstructed to form images representing optical absorption. Since melanin has high optical absorption ͑e.g., ϳ1000 times that of water at 700-nm wave-length͒, significant contrast between melanoma and background tissue can be achieved using photoacoustic imaging. Compared with imaging modalities such as computed tomography ͑CT͒, magnetic resonance imaging ͑MRI͒, and positron emission tomography ͑PET͒, all of which have been used to detect melanoma brain metastases noninvasively in vivo, 6, 7 photoacoustic imaging is low cost, using nonionizing radiation and based on sharp optical contrast. In contrast to highresolution, purely optical imaging methods, 8 photoacoustic imaging can image much deeper and has no requirements for a cranial window.
Photoacoustic imaging has been applied to detect skin melanomas in small animal models. 9, 10 Real-time detection of circulating melanoma cells using photoacoustic flow cytometry has also been proposed. [11] [12] [13] [14] [15] In this work, we demonstrate the capability of photoacoustic imaging for noninvasive monitoring of the growth of melanoma brain tumors in a mouse model.
Methods and Materials
Our photoacoustic imaging system is identical to the one presented by Song et al. for deep photoacoustic imaging. 16 The system ͑Fig. 1͒ consists of an ultrasound transducer, a laser system, and receiving electronics. A Q-switched Nd:YAG laser ͑Surelite, Continuum, Santa Clara, California͒ was used to pump a tunable OPO laser ͑Surelite OPO PLUS, Continuum, Santa Clara, California͒ to obtain a 764-nm wavelength laser with a 10-Hz pulse repetition rate. The produced laser light forms a ring-shaped illumination after passing through two prisms and a conical lens, and then is refocused inside the tissue sample by an optical condenser. At the tissue surface, the ring has a diameter of ϳ5 mm with a focal depth of ϳ3 mm for current application. The subsequently generated ultrasonic waves are detected by a focused ultrasonic transducer ͑13-2506-R, Olympus-NDT, Waltham, Massachusetts͒, delivered to a preamplifier ͑5072PR, Olympus-NDT, Waltham, Massachusetts͒ with 30-dB gain, and finally col-lected by a personal computer through an A/D Scope Card ͑CS21G8-256MS, Gage, Lockport, Illinois͒ with a 500-MHz sampling rate. The conical and condenser lenses are driven by a 3-D translation stage to enable the transducer to mechanically scan the targeted region. Two prisms are used to enable the optical beam folding for a 2-D mechanical scanning. Prism Y moves in the y direction, whereas prism XY can move in both x and y directions. The ultrasound transducer ͑15-mm focal length, 9.4-mm aperture size͒ has a central frequency of 25 MHz with 61% −6-dB fractional bandwidth, and exhibits lateral resolution of 150 m and axial resolution of 100 m when used for photoacoustic imaging.
All in vivo imaging evaluations were done using an orthotopic tumor model for metastastic melanoma to the brain on a stereotactic protocol approved by the University of Kansas Institutional Animal Care and Use Committee. B16F10 melanoma tumor cells grown in Dulbecco's Modified Eagle Medium ͑DMEM͒ supplemented by 10% fetal bovine serum, 1% penicillin, and 1% streptomycin were harvested by trypsinization, washed in 1ϫ phosphate-buffered saline, resuspended in 1ϫ phosphate-buffered saline at a concentration of 2500 cells/ L, and kept on ice until injected intracranially.
Balb/C mice were deeply anesthetized using a mixture of 87-mg/ kg ketamine and 13-mg/ kg xylazine via an intraperitoneal injection. The hairs on the top of the animals' heads were shaved to expose the skin, and animals were then appropriately positioned in a small animal stereotactic frame. Following liquid tear application to the eyes to prevent ocular damage during anesthesia, povidone iodine was applied on the skin covering the skull around the anticipated midline incision site, and an alcohol pad was then used to wipe down the skin to remove excess povidone iodine and provide further sterilization. The calvarium was exposed via a midline incision of the scalp ϳ1 cm in length, and a burr hole was drilled 1 mm anterior and 2 mm lateral ͑right͒ from the bregma by a Dremel 10.8V 8000-03 with a rounded high-speed cutter bit. Figure 2 shows the cell injection site. A 10-L blunt-tipped Hamilton syringe loaded with 2 L was lowered into the hole, 3.3 mm from the cortical surface but retracted 0.3 mm to form a small pocket for the liquid to be injected, thereby introducing the cells into the right basal ganglia. The B16F10 cells were injected into the brain at a speed of 0.4 L / min and a total volume of 2 L ͑5000 cells injected per mouse͒. The syringe was left in place for ϳ1 min following tumor cell injection to allow for pressure stabilization. After the intracranial injection, each animal was removed from the stereotac-tic frame, and the incision was closed with a surgical suture. Triple antibiotic ointment was added to the incision to help prevent infection, and the animals were slowly warmed on a heating pad and monitored until they awakened.
Photoacoustic images of the brain melanoma were first acquired on the fifth day after the tumor cell injection. During photoacoustic imaging, a mouse with a melanoma brain tumor 
Fig. 3
Noninvasive MAP images of the brain melanoma in ͑a͒ day 5, ͑b͒ day 8, ͑c͒ day 10, ͑d͒ day 13, and ͑e͒ day 14, after the injection of tumor cells, respectively. ͑f͒ through ͑j͒ show the B-scan images corresponding to the dashed lines in ͑a͒ through ͑e͒, respectively. ͑k͒ Invasive anatomical photograph after the mouse death. All photoacoustic images are in the same intensity scale. M is the melanoma brain tumor.
was initially anesthetized with a mixture of 87-mg/ kg ketamine and 13-mg/ kg xylazine, and then the anesthesia was maintained with the inhalation of a mixture of pure oxygen and 1% isoflurane. The brain region where the melanoma cells were injected was imaged. It took about 40 min scanning time to get one photoacoustic image. The same process was repeated the following days, and the growth of the brain melanoma tumor could be directly indicated from the photoacoustic images as the size of the tumor increased. The animals showed classic signs of morbidity approximately two weeks following the tumor injections.
Results and Discussions
Maximum amplitude projection ͑MAP͒ of the photoacoustic images of the melanoma in mouse brain, which are formed by projecting the maximum photoacoustic amplitudes along the z axis to its orthogonal plane, are presented in Figs. 3͑a͒-3͑e͒. Photoacoustic signals from the scalp and skull were removed in the MAP images to clearly show the tumor inside the brain. Figures 3͑a͒-3͑e͒ were taken from an experimental animal on days 5, 8, 10, 13, and 14 after the injection of tumor cells, respectively. On days 5 and 8, the brain tumor signals are relatively weak because the tumor is still small. From the photoacoustic image, the signal-to-noise ratio ͑SNR͒ of the tumor region is 15 dB at day 5, and the tumor size is around 1 mm in diameter and 0.3 mm in depth. On day 10, the photoacoustic signals from the melanoma brain tumor become dominate. The SNR of the tumor region increases to 26 dB, and the size of the tumor increases to 2 mm in diameter and 0.7 mm in depth. The tumor continues to grow over the last two days before morbidity, as the SNR of the tumor region increases to 30 dB, and the size is about 4 mm in diameter and over 1 mm in depth on day 14.
The corresponding B-mode ͑cross sectional͒ photoacoustic images of the melanoma tumor from the same mouse are in Figs. 3͑f͒-3͑j͒. These clearly show the depth of the melanoma tumor in the mouse brain on the five separate imaging days after injection. The brain melanoma was initially located about 2 to 3 mm deep underneath the skull. As the time elapses, the thickness of the melanoma brain increases. On day 14, the mouse died from the brain melanoma, and an open skull photograph was taken, as shown in Fig. 3͑k͒ . The final size of the tumor is about 4 mm in diameter inside the brain.
Both size and depth information of brain tumors are important in planning and verifying the treatment of primary brain tumors ͑e.g., glioma͒. This study showed that PAM can monitor the brain tumor growth inside a small animal's brain noninvasively, and therefore photoacoustic imaging is capable of being an imaging tool to track in vivo the response of the brain tumor to therapies.
Conclusions
We use a reflection-mode PAM system with a 25-MHz focused ultrasonic transducer, and demonstrate the capability of successfully detecting the progress of brain melanoma tumors in a metastasis model. This technique can be used to evaluate the brain melanoma tumor and its response to therapy in a small animal mode noninvasively.
